Alterations of glucocorticoid receptor sensitivity have been associated with depression. Thus, variation in the glucocorticoid receptor gene that determines glucocorticoid sensitivity may influence risk for depression.
Introduction
In response to various stimuli, cortisol coordinates metabolic, endocrine, immune, and nervous system responses (McEwen, 1998; de Kloet et al., 2005) . The effects of cortisol are mainly mediated by the glucocorticoid receptor (GR), which is expressed throughout the body including the brain (de Kloet et al., 2005) .
Alterations in GR function leading to impaired negative feedback regulation have been implicated in the aetiology and pathogenesis of depression (Holsboer, 2000; Pariante and Miller, 2001; Nemeroff, 2004) . Indeed, many patients with major depression exhibit decreased feedback inhibition of cortisol in the dexamethasone suppression test (Gold and Chrousos, 2002; de Kloet et al., 2005) , a probe of GR function. Furthermore, suicide victims with major depression had reduced GR mRNA in the hippocampus and prefrontal cortex (Webster et al., 2002) and increased methylation of the GR gene promoter inhibiting GR expression (McGowan et al., 2009 ). Thus, depression appears to be associated with diminished GR function leading to decreased glucocorticoid sensitivity.
It is known that sensitivity to glucocorticoids varies considerably between individuals (Huizenga et al., 1998) . Four common polymorphisms (ER22/23EK = rs6189, 6190, BclI C/ G = rs41423247, N363S = rs6195, 9beta A/G = rs6198) (van Rossum and Lamberts, 2004; Wüst et al., 2004a,b; DeRijk and de Kloet, 2008) appear to modulate glucocorticoid sensitivity. Some of these polymorphisms have been associated with depression in medically healthy subjects but with inconsistent results (Binder et al., 2004; van Rossum et al., 2006; van West et al., 2006; Krishnamurthy et al., 2008; Zobel et al., 2008; Bet et al., 2009 ). To our knowledge, only one study simultaneously examined these polymorphisms with regard to depression. The Longitudinal Aging Study Amsterdam found a gene × environment interaction between the 9beta A/G polymorphism and childhood adversity on self-reported depressive symptoms in an elderly sample from the general population (Bet et al., 2009 ). However, no haplotype analyses were conducted. Interestingly, the 9beta A/G polymorphism has also been associated with the cortisol response to psychological stress (Kumsta et al., 2007) .
Because of these previous findings, we hypothesized that GR haplotype 3, which includes the minor allele of the 9beta A/G polymorphism, would be associated with depression in a sample of 526 white patients with stable coronary disease who were enrolled in the Heart and Soul Study.
Methods

Participants
Details regarding our recruitment procedures have been published previously (Ruo et al., 2003; Otte et al., 2004 Otte et al., , 2005 Otte et al., , 2007 Whooley et al., 2008) . We used administrative databases to identify outpatients with documented coronary disease at two Veterans Affairs Medical Centers (San Francisco VA Medical Center and the VA Palo Alto Health Care System, California), one University Medical Center (University of California, San Francisco), and nine public health clinics in the Community Health Network of San Francisco. Patients were eligible to participate if they had at least one of the following: a history of myocardial infarction, angiographic evidence of ≥50% stenosis in one or more coronary vessels, prior evidence of exercise-induced ischemia by treadmill or nuclear testing, or a history of coronary revascularization. A total of 1024 participants enrolled and completed a daylong study appointment at the San Francisco VA Medical Center. To avoid population stratification (Schulze and Mahon, 2002; Hattersley and McCarthy, 2005) , we chose to examine genotypes only in white patients, the largest group in the Heart and Soul study (n = 595). Our protocol was approved by the appropriate institutional review boards. After complete description of the study to the subjects, written informed consent was obtained.
Depression
We measured the presence of current (past month) and past year major depression according to the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) criteria. We used the modified Computerized National Institute of Mental Health Diagnostic Interview Schedule (CDIS-IV), a highly structured interview designed to yield psychiatric diagnoses (Robins et al., 1981) . The DIS has been used extensively to study the epidemiology and treatment of depression (Wells et al., 1989) . Throughout the manuscript we refer to "current or past year depression" as depression. Trained research assistants administered the interview during the daylong baseline study appointment. Participants found to have current depression were informed that they were suffering from depression, instructed to discuss these symptoms with their primary care provider, and provided a list of local resources available for further evaluation and treatment.
We also assessed depressive symptoms using the 9-item Patient Health Questionnaire (Spitzer et al., 1999) , a self-report instrument that measures the frequency of depressive symptoms corresponding to the nine Diagnostic and Statistical Manual-IV criteria for depression. Participants indicated the frequency of experiencing each symptom during the prior 2 weeks, and the instrument was scored as: not at all (0), several days (1), more than half the days (2), or nearly every day (3).
Genotyping
2.3.1. DNA was extracted from white blood cells collected at the time of the interview-Polymorphism-spanning fragments were amplified by the polymerase chain reaction (PCR) and genotyped by template-directed dye-terminator incorporation assay with fluorescence polarization detection (FP-TDI) (Hsu and Kwok, 2003) , using the AcycloPrime-FP II kit (Perkin-Elmer) per manufacturer's instructions. Plates were read on the EnVision fluorescence polarization plate reader (Perkin-Elmer) and genotypes scored with software (Excel macro) provided by Perkin-Elmer. Standard PCR conditions: 5 μl reaction in 384-well plates, with 2.4 ng dried genomic DNA, 0.12-0.24 μM each primer, 0.1-0.2 U Platinum Taq (Invitrogen), 0.05 mmol/L dNTPs and 2.5-3.5 mmol/L MgCl 2 . Cycling conditions: 95 °C for 2 min; 45 cycles of 92 °C for 10 s, 58 °C for 20 s, 68 °C for 30 s; followed by 68 °C for 10 min. All plates contained positive and negative controls. Genotyping was performed by investigators blinded to clinical status.
The four polymorphisms we examined (ER22/23EK = rs6190, BclI C/G = rs41423247, N363S = rs6195, 9beta A/G = rs 6198) are common variants of the glucocorticoid receptor gene (NR3C1) that have all been associated with the changes in glucocorticoid sensitivity (Wüst et al., 2004a,b; van Rossum et al., 2005) . Fig. 1 schematically depicts the GR gene, the location of the four polymorphisms and their specific nucleotide variations.
Haplotypes as well as linkage disequilibrium among the four variants (with D′ and r 2 ) was estimated using the Haploview software. For each haplotype, 3 genotype combinations were distinguished as carrying 0, 1, or 2 copies of the haplotype allele.
24-h urinary cortisol
Details regarding collecting 24-h urinary cortisol have been published previously (Otte et al., 2004) . In brief, patients were instructed to collect all urine for 24 h between the end of their study appointment and the time when a researcher visited their house the next day. Research personnel arrived at patient homes exactly 24 h after their appointment to ensure accurately timed specimens and to enhance compliance with the protocol. If subjects were unable to collect all urine for any reason or had urinary incontinence, their samples were deemed inadequate and no urinary cortisol data were recorded for these subjects.
Cortisol was analyzed using radioimmunoassay or (due to a change at the ARUP Lab) High Performance Liquid Chromatography/Tandem Mass Spectrometry.
Other variables
Age, sex, alcohol use, and smoking were determined by self-report. We assessed medical history using a self-report checklist that included 45 common medical diagnoses. Body mass index was calculated as weight in kilograms divided by the square of height in meters, and obesity was defined as body mass index ≥30 kg/m 2 . Participants were instructed to bring their medication bottles to the study appointment, and study personnel recorded all current medications. Medications were categorized using Epocrates Rx (San Mateo, CA).
All participants underwent resting echocardiography using an Acuson Sequoia ultrasound System (Mountain View, CA). We obtained standard two-dimensional views and performed planimetry with a computerized digitization system to determine left ventricular ejection fraction (Lett et al., 2008) .
Participants also completed an exercise treadmill test according to a standard Bruce protocol at the baseline examination. Those who were unable to continue the standard Bruce protocol were switched to slower settings and encouraged to exercise for as long as possible. Exercise capacity was calculated as the total number of metabolic equivalent tasks (METs) achieved.
Statistical analysis
The goal of this study was to examine the association of GR gene haplotypes with depression in patients with coronary heart disease. Differences in characteristics between carriers of 0, 1, or 2 copies of haplotype 1-5 were compared using univariate analysis of variance for continuous variables and Chi-square tests for dichotomous variables. Because in our sample there were no homozygous subjects for haplotypes 4 and 5, these haplotypes were analyzed as carriers (1 copy) and non-carriers (0 copies).
The proportion of participants with depression in carriers of 0, 1, or 2 haplotypes of interest was analyzed by Mantel-Haenszel Chi-square test. We also used logistic regression to examine the association between the glucocorticoid receptor haplotypes and depression.
To account for possible confounding, we computed odds ratios with 95% confidence interval in multivariate models: unadjusted (model 1), adjusted for age and sex (model 2), adjusted for model 2 and body mass index (model 3), and adjusted for model 3 and smoking (model 4).
For all statistical analyses, P < 0.05 was considered statistically significant.
Analyses were performed using Statistical Analysis Software (version 9, SAS Institute, Cary, NC).
Results
Among the 595 white participants, successful genotyping for all four polymorphisms was achieved in 526 participants from whom haplotypes were estimated (Fig. 1) . Reasons for nonavailability of DNA included failure of venipuncture, failure of DNA isolation, or failure of allelic discrimination. The genotype distribution for the four polymorphisms did not deviate significantly from Hardy-Weinberg-Equilibrium (all p-values > 0.4).
Haplotypes
The haplotype structure corresponded to those previously reported (Wüst et al., 2004b; van Rossum et al., 2006; Kumsta et al., 2007; van den Akker et al., 2008) . The haplotype with the highest frequency (haplotype 1, 41.4%) consisted of the major alleles of the four SNPs. Haplotype 2 (34.8%) was characterized by the minor G allele of the BclI polymorphism. Three of the four polymorphisms were found to be mutually exclusive; only the minor codon 23 A allele was always present in combination with the minor 9beta G allele (haplotype 4, 3.8%) . However, the G allele of the exon 9beta SNP was also observed independently from ER22/23EK (haplotype 3, 17.9%). The minor A allele of the N363S SNP was present in haplotype 5 (2.1%).
Depression
Current (past month) or past year depression was present in 148/526 (28.1%) participants. We did not find any association between haplotype 1, 2, 4, or 5 and depression (all p-values > 0.21).
In contrast, haplotype 3 was associated with depression in a gene-dosage dependent manner (Fig. 2) . Compared to 24.4% (86/355) of non-carriers, depression was present in 34.4% (53/154) of participants carrying one allele of haplotype 3 and 52.9% (9/17) of homozygous haplotype 3 carriers (Mantel-Haenszel Chi-square test: p < 0.01).
In logistic regression analyses, carriers of one haplotype 3 allele had an odds ratio of 1.64 (95% CI 1.1-2.5, p = 0.02) for depression, while the odds ratio of homozygous haplotype 3 carriers was 3.52 (95% CI 1.3-9.4, p = 0.01). These associations persisted after adjusting for age, sex, body mass index, and smoking (Table 1) .
With regard to self-reported depressive symptoms we also found increasing PHQ scores with numbers of haplotype 3 alleles on a descriptive but non-significant level (effect size: Cohen's d = 0.34, homozygous carriers compared to non-carriers, Table 2 ). Self-reported anxiety and perceived stress did not differ between haplotype 3 carriers and non-carriers (Table 2) .
24-h urinary cortisol
Neither haplotype 3 nor other haplotypes (data not shown) were associated with 24-h urinary cortisol values although homozygous haplotype 3 carriers had numerically higher 24-h urinary cortisol levels compared to non-homozygotes (43 ± 30 μg/day vs. 36 ± 23 μg/day, p = 0.37, effect size: Cohen's d = 0.26).
Discussion
We found that a common glucocorticoid receptor (GR) haplotype, which includes the minor allele of the 9beta A/G polymorphism, is associated with depression. Furthermore, we found a gene-dosage effect: carriers of one allele of GR haplotype 3 had a more than 60% increased risk for depression, while homozygous GR haplotype 3 carriers even had a more than 3-fold increased risk for depression compared to non-carriers. These associations persisted after controlling for potentially confounding variables.
Our findings suggest that GR haplotype 3 might be a vulnerability factor for depression in patients with coronary heart disease. Furthermore, our results are consistent with the hypothesis that differences in cortisol sensitivity are involved in the aetiology and pathogenesis of depression as postulated by the glucocorticoid receptor hypothesis of depression (Holsboer, 2000) . Our results are also compatible with earlier findings that have demonstrated (1) decreased feedback inhibition of cortisol in depressed patients in the dexamethasone suppression test, a probe of GR function (Nelson and Davis, 1997) , (2) reduced GR mRNA in the hippocampus and prefrontal cortex (Webster et al., 2002) or increased methylation of the GR gene promoter inhibiting GR expression (McGowan et al., 2009 ) in suicide victims with depression, and (3) increased depressive-like behaviour and elevated corticosterone in transgenic mice with forebrain specific disruption of GR function (Boyle et al., 2005; Ridder et al., 2005) . All of these studies support the idea of diminished GR function leading to decreased glucocorticoid sensitivity in depression.
Thus, the 9beta A/G polymorphism, which was associated with depression in our study, is a plausible candidate gene because it leads to relative glucocorticoid resistance, i.e. reduced glucocorticoid sensitivity. This has been shown by functional studies that revealed a stabilizing effect of this polymorphism on GRbeta mRNA in vitro, possibly leading to enhanced expression of GRbeta protein (DeRijk et al., 2001) . GRbeta is one of several GR protein isoforms and is generated through an alternative splicing pathway. In contrast to the functionally active and most abundant isoform GRalpha (Hagendorf et al., 2005) , GRbeta is unable to bind ligand and is transcriptionally inactive (Yudt et al., 2003) . We suggest that presence of this haplotype leads to a reduced quantity of functional GRalpha protein and to a relatively higher level of GRbeta protein, potentially increasing the GRbeta/GRalpha ratio. The expected effects on systemic level would be a relative insufficient glucocorticoid signaling, which could then lead to depression. Indeed, it has been shown that depressed patients had reduced expression of GRalpha mRNA in peripheral blood cells (Matsubara et al., 2006) .
Earlier studies have examined the association between GR polymorphisms and depression but did not include the 9beta A/G polymorphism (Binder et al., 2004; van Rossum et al., 2006; van West et al., 2006; Krishnamurthy et al., 2008; Zobel et al., 2008) . To our knowledge, only one study has simultaneously examined 9beta A/G along with the other functionally relevant polymorphisms with regard to depression. That study found a gene × environment interaction between the 9beta A/G polymorphism and childhood adversity on self-reported depressive symptoms in an elderly sample from the general population (Bet et al., 2009) . Our results are consistent with these earlier findings. Furthermore, we extend these findings by demonstrating a direct effect of GR haplotype 3 on major depression in a clinical population of patients with coronary heart disease. Our findings also fit very well with results showing that 9beta A/G carriers exhibited an increased cortisol response to stress as well as increased ACTH values in the dexamethasone suppression test (Kumsta et al., 2007) .
Two earlier studies found an association of the ER 22/23 polymorphism and depression (van Rossum et al., 2006; van West et al., 2006) but the 9beta A/G was not measured in these studies and no haplotype analyses were conducted.
However, the authors of the former study measured another (NR3C1-1) polymorphism in the GR promoter that is in complete linkage with the 9beta A/G (Kumsta et al., 2009 ). This means that that the minor allele of the NR3C1-1 polymorphisms is always inherited with the minor allele of the 9beta A/G. Therefore it is possible to extrapolate their results to the 9beta A/G polymorphism. Their findings were equivocal with the minor NR3C-1 allele (and the minor G allele of 9beta A/G) being overrepresented in the controls in one but not another sample (van West et al., 2006) .
In our study, haplotype 3 was more strongly associated with major depression than with selfreported depressive symptoms. Furthermore, haplotype 3 was not associated with self-reported anxiety and perceived stress. This might suggest that haplotype 3 is a rather specific risk factor for the development of major depression, at least in the presence of chronic medical illness. In contrast, our results do not support a more general role of the GR gene in self-reported perceived stress and anxiety.
Several limitations of our study should be considered. Only 17 participants in our sample were homozygous for haplotype 3, limiting our power to detect small to medium effect sizes. This might be one reason why we did not find an association of haplotype 3 with 24-h urinary cortisol secretion. Furthermore, previous studies found an effect of 9beta on basal cortisol secretion (van Schoor et al., 2007) and on cortisol responses to stress (Kumsta et al., 2007) . However, in both studies this effect was only present in women but not men. The vast majority of our participants were men and we were not able to systematically examine genotype × sex. Therefore, our results are not necessarily applicable to women.
Some studies suggest that the association between variants of the GR gene might be stronger in patients with recurrent depression (van Rossum et al., 2006) . We did not determine number of previous depressive episodes in our participants. Therefore, we cannot distinguish between patients who have recurrent depression vs. those with a first depressive episode.
In summary, we found that a common haplotype of the GR gene (including the minor allele of the 9beta A/G polymorphism) is associated with depression. Thus, variation in the glucocorticoid receptor gene may be involved in the pathogenesis of depression. Proportion of participants with past month or past year depression according to number of GR gene haplotype 3 copies (Mantel-Haenszel Chi-square test: p < 0.01). Model 2: Age-and sex-adjusted.
Model 3: Body mass index (BMI), age-and sex-adjusted.
Model 4: Smoking status, BMI, age-and sex-adjusted.
